could not directly attack the active site of glucose isomerase, the inactivation would be accelerated by indirect action such as a destruction of the protective substances in the cell.
The effect of irradiation on Streptomyces glucose isomerase has been investigated under various irradiation conditions. The OHradicals are responsible for more than 75%of the inactivation of purified glucose isomerase in neutral solution.1* The OHradicals also contribute to the inactivation of glucose isomerase in vivo.2) However, the lack of specificity in reaction of the OH radicals with the amino acid constituents in enzymes leads to difficulties in identifying the residues essential for the activity. Radiosensitization with alkali-halides has been investigated by Okazawa et al. 3 ) and Meshitsuka et al.^Adams et al. 5) found that some radiation-induced radical anions are selective in their reactions with amino acids.
These radical anions have proved to be useful in pulse-radiolysis studies to identify those residues essential to the activity of enzymes. In this way it has been confirmed that the essential residues in lysozyme,6) ribonuclease,7) trypsin,8) carboxypeptidase A9) and papain10) were in agreement with the previously knownresidues. This method was applied to identify the essential amino acid residues in superoxide dismutase,n) D-amino acid oxidase12) and alcohol dehydrogenase.13) The amino acid composition of glucose isomerase purified from various microorganisms has been reported.14~17) However, little information has been reported concerning the amino acid residues essential for the activity of glucose isomerase. This paper describes the effect ofKBr and KCNSon glucose isomerase in vivo and in vitro and an estimation of the amino acid residues concerned with enzymatic activity.
MATERIALS AND METHODS
Enzyme preparation. Glucose isomerase was purified from Streptomyces phaeochromogenus cell as described in the previous report.1} The enzymewas dissolved in a 0.05 m phosphate buffer (pH 7.0) prepared with triply distilled water. The cell suspension was also used as a cell-bound enzyme solution. 2) Irradiation. The enzyme solutions containing 5 x 10~2 M KBr or KCNSwere saturated with nitrogen before irradiation, or bubbled with N2Oduring irradiation. The samples were irradiated at room temperature with the use of a 60kCi cobalt-60 slab source. The dose rate used was in the range of20 to 1000 krad/hr as determined by Fricke dosimetry.
Analysis ofamino acids. The samples were hydrolyzed in 6n HC1 in evacuated, sealed tubes at 110°C for 22hr. An amino acid analysis was performed on a Hitachi 034 liquid chromatograph.
Enzymeassay. An assay of the enzymatic activity of glucose isomerase was performed as described in the previous paper.1} The amount of D-fructose, which was formed after incubation for 1hr at 70°C in a 0.1m phosphate buffer (pH 7.2), was determined by the cysteinecarbazole-sulfuric acid method.
Reaction with diethylpyrocarbonate. The reaction of the enzyme with diethylpyrocarbonate (DEP) was carried out in a 0.1 m phosphate buffer, pH 6.0, at room temperature (ca. 22°C).18) The enzyme (80/ig/ml) was incubated with 4mMDEP (purity 80%). After a one minute interval, the incubation mixture was added to a 200mM histidine solution. The enzymatic activity was assayed as described above.
RESULTS AND DISCUSSION
Effect of radical anions in vitro
WhenN2Ois present in an aqueous solution during irradiation, e~q is rapidly converted to the OH radical. 19) In the presence of an inorganic salt, X", the OHradical reacts with the salt to form the radical anion X^, according to the following reactions;3)
The most versatile radical anions for use in enzyme studies are (CNS)2~~and Br2~, because they are selective in their reaction with the enzymes. The effect of these radical anions on purified glucose isomerase was investigated in a 0.05m phosphate buffer (pH 7.0). The inactivation curves of glucose isomerase irradiated in the presence of 5 x 10~2m KCNS in N2 or N2O are shown in Fig. 1 . The inactivation curves in the absence of KCNS are also shown in Fig. 1 , A remarkable protection was observed in the presence ofKCNS, which indicates that (CNS)2~protects the glucose isomerase against inactivation. Since the concentration of (CNS)2~in N2O is larger than in N2, the protection of (CNS)2~in N2O must be larger than in N2. However, the protection of (CNS)^shown in Fig. 1 was opposite result, which suggests that (CNS)ĉ auses some damageto the activity of glucose isomerase. Figure 2 shows the effect of irradiation on the activity of glucose isomerase containing 5x 10~2m KBr. The presence of KBr increases the inactivation markedly. It has been shown3} that (CNS)^reacts selectively with cysteine and tryptophan at a neutral solution. Br2" is less selective than (CNS)2ĩ n its reactions with amino acids, reacting with tyrosine, histidine and possibly methionine, as well as with cysteine and tryptophan. Therefore, the inactivation of glucose isomerase would seem to be due to the reaction with one or more of tyrosine, histidine and methionine. It has been reported5} that the reactivity of Br2" Determined spectrophotometrically. The enzyme (80fig/ml) was incubated with 4mMdiethyl-pyrocarbonate in a 0.1 m phosphate buffer (pH 6.0) at roomtemperature.
with tyrosine and methionine increased markedly with increasing pH, while the reactivity with histidine increased only a little. Figure 3 shows the radiosensitivity of glucose isomerase in the presence of5 x 10~2mKBr at pH levels between 7.0 and 10.9. The radiosensitivity decreased with increasing pH and it did not increase markedly in alkaline pH. Therefore, it is considered that tyrosine and methionine are not responsible for the inactivation and histidine residue is essential to this inactivation. Table I If these enzymes have the same active site, it is considered that cystine and cysteine are not essential for glucose isomerase activity. Amongthe amino acids in Table I, methionine, tyrosine, phenylalanine, tryptophan and histidine tend to decrease with increasing dose levels whereas other amino acid residues were almost unaffected. Since all amino acid residues which selectively react with Br2~decreased with irradiation, it was difficult to identify the essential amino acid from the result of an amino acid analysis.
Pulse-radiolysis is usually used to identify the essential amino acid residue from reactivity with the radical anion, whereas DEP is a reagent commonlyused for the selective modification of histidine residues in proteins.20 '21) The chemical modification of glucose isomerase with DEPwas attempted in this experiment. Figure 4 shows the remaining activity of glucose isomerase versus its reaction time with DEP. Under the reaction condition used, the activity decreased exponentially with incubation time. This result also supports the fact that damage in histidine residue(s) causes the loss of activity. From these results, it was estimated that histidine residue(s) is essential to the activity of glucose isomerase.
Effect of radical onions in vivo
Since the contribution of the OHradical to the inactivation of glucose isomerase in vivo was shownin the previous paper,2) the effect of KBr and KCNSon the inactivation of glucose isomerase in vivo was examined in a similar way to in vitro. The inactivation curves of cellbound glucose isomerase irradiated with 5 x 10~2m KBr or KCNSare shown in Fig. 5 . In N2, the inactivation was markedly accelerated by Br2" but it was little accelerated by (CNS)2~.
These sensitizations are similar to that in a pure enzyme solution. On the other hand, both Br2~and (CNS)2~~accelerated the inactivation in N2O, although the sensitizing effect of Br2ĩ s larger than that of (CNS)2~. From the results in N2, it seems possible to estimate the essential amino acid for activity of the enzyme.
However, it is impossible from the results in N2O.
Table II summarizes the D37 doses for the inactivation of glucose isomerase in vivo at various conditions. From the results in Table  II , N2O, O2, tert-BuOH and (CNS)2" have a sensitizing action on the inactivation, but the sensitization is not as large as that ofBr2~. The sensitization by Br2~on inactivation in vivo is reasonable because Br2~can attack the active site directly in vitro. On the other hand, the sensitizing action of (CNS)2~and the à"CH2(CH3)2COHradical in vivo is in conflict with the protective action in vitro. The protective action in vitro suggests that these radicals cannot attack the active site directly. It is However, the results in this experiment show that the reaction with radical anions in vivo is not as clear as that in vitro. It is necessary to take into account these complicated reactions, when the essential amino acid is estimated from the data in vivo. 
